Many chimeric oncogenes have been identified by virtue of the association between chromosomal translocation and specific human leukemias. However, the biological mechanism by which these oncogenes disrupt the developmental program of normal human hematopoietic cells during the initiation of the leukemogenic process is poorly understood due to the absence of an appropriate experimental system to study their function. Here, we report that retroviral transduction of TLS-ERG, a myeloid leukemia-associated fusion gene, to human cord blood cells results in altered myeloid and arrested erythroid differentiation and a dramatic increase in the proliferative and self-renewal capacity of transduced myeloid progenitors. Thus, TLS-ERG expression alone induced a leukemogenic program that exhibited similarities to the human disease associated with this translocation. These results provide an experimental examination of the early stages of the human leukemogenic process induced by a single oncogene and establish a paradigm to functionally assay putative leukemogenic genes in normal human hematopoietic cells.
The production of blood cells is tightly regulated at all stages of development from stem cells to mature cells, but genetic alterations within stem cells can perturb the developmental program resulting in a clonal outgrowth of one or more lineages (1) (2) (3) . Murine studies of leukemogenesis have suggested that alterations are required in both the proliferation and differentiation of hematopoietic cells (4) . In some cases, these alterations occur as a consequence of the expression of multiple genes such as co-expression of the IL-3 gene (5, 6) (which stimulates proliferation) and the HOXB8 gene (7) (which alters differentiation). In other cases, proliferation and differentiation are affected following the expression of a single gene (7) (8) (9) (10) (11) . In these latter cases, full leukemic growth in vivo requires additional genetic alterations. In the human, analysis of invariant chromosomal translocations associated with specific leukemias has permitted the cloning of novel genes that must be involved in leukemic transformation and progression (12) (13) (14) . However, knowledge of the biological mechanism whereby these leukemogenic genes disrupt the self-renewal, proliferation, and differentiation of normal human hematopoietic cells during the early stages of leukemogenesis is lacking because of the absence of experimental systems. Consequently, much of our understanding of these genes has been extrapolated from analysis of leukemic cell lines, gene overexpression studies (transgenic or retroviral gene transfer approaches), or from knockout mice (4, 15) . However, cell lines typically accumulate many genetic alterations preventing the identification of the mechanism that initiates leukemogenesis. Although murine studies have contributed greatly to our understanding of oncogenes, they do not always recapitulate human disease. For example, HOX 11 and E2A-PBX are associated with T cell and pre-B cell leukemia in humans, respectively, but overexpression in mice results in myeloid leukemia (10, 16) . Moreover, differences in the susceptibility of murine versus human cells to neoplastic alterations, which is likely attributed to the greater relative genomic instability of murine cells, underscores the relevance of studying human leukemogenic genes in normal human hematopoietic cells (17) .
To develop an experimental leukemogenesis model in normal human hematopoietic cells, we transduced human umbilical cord blood (CB) cells with a retrovirus vector expressing the TLS-ERG oncogene. TLS-ERG is a fusion gene generated from t(16;21)(p11;q22), a recurrent chromosomal translocation associated with poor prognosis human acute myeloid leukemia (AML), secondary AML associated with myelodysplastic syndrome (MDS), and chronic myeloid leukemia (CML) in blast crisis (18, 19) . TLS͞FUS (hereafter designated TLS), located on chromosome 16, encodes an RNA-binding protein (20) , whereas the ERG gene on chromosome 21 encodes a transcriptional activator of the ets proto-oncogene family with DNA-binding and transactivator domains (21) (22) (23) . The altered transcriptional activating and DNA-binding activities of the TLS-ERG gene product are thought to be responsible for the genesis or progression of t(16;21)-associated human myeloid leukemias (24) . We report that normal human hematopoietic cells expressing TLS-ERG acquire a greatly increased capacity for self-renewal and proliferation. Together with the observation of altered myeloid and arrested erythroid differentiation programs, these results provide insight into the early stages of leukemogenesis induced by a putative leukemogenic gene expressed in normal human hematopoietic cells.
cassette in the pMSCV2.1 retroviral vector (25) . Ten micrograms of pMSCVTLS-ERG was transfected into the amphotropic PA317 packaging cell line (26) using lipofectamine (as described by manufacturer, GIBCO͞BRL). After 16 h, transfection supernatant was used to infect xenotropic PG13 packaging cells (27) , which produce the gibbon ape leukemia virus (GALV) env protein. Subsequent selection in G418 (Sigma; 400 g͞ml) resulted in 33 clones, which were screened using a modified viral RNA dot blot assay (28) to identify potential high titre candidates. Titres for the resulting PG13MSCVTLS-ERG and PG13MSCVNEO producer lines used during this study were 3 ϫ 10 5 and 1 ϫ 10 6 cfu͞ml, respectively. Proviral integrity of NEO and TLS-ERG expression in producer cells was confirmed by Southern and Northern blot analysis (data not shown) as well as by Western blot analysis (Fig. 4B) .
Isolation and Retroviral Infection of CD34 ؉ Lin ؊ Human Umbilical Cord Blood Cells. Ficoll-separated human umbilical cord blood cells were stained with a mixture of lineage-specific antibodies provided by the manufacturer (Stem Cell Technologies, Vancouver, BC), followed by addition of secondary antibody conjugated to metal colloid. Cells were then eluted through a magnetized column to enrich for CD34 ϩ cells not expressing lineage markers (Lin Ϫ ). The purity of typically obtained CD34 ϩ Lin Progenitor Assay. To assess the effect of TLS-ERG expression on the proliferation and differentiation of human myeloid͞erythroid progenitors, infected CD34 ϩ Lin Ϫ cells were plated in methylcellulose cultures as described (29) in the presence or absence of 1500 g͞ml G418. After 12-14 days, progenitor colony types were scored into granulocyte (CFU-G), macrophage (CFU-M), granulocyte͞macrophage (CFU-GM), erythroid (BFU-E), and mixed (CFU-Mix) types. Morphological designation of colony type by light microscopy was confirmed by May-Grünwald-Giemsa staining of cytospin preparations.
TLS-ERG Expression Analysis. Reverse transcription (RT)-PCR was performed to detect TLS-ERG and ␤-actin mRNA transcripts in TLS-ERG-transduced CFU-GM-derived cells. Poly(A) ϩ RNA was isolated using the Pharmacia micro mRNA purification kit as described by the manufacturer, and cDNA was synthesized from 1 g of mRNA template in a 20-l reaction (50 mM Tris-HCl, pH 8.3͞75 mM KCl͞3 mM MgCl 2 ͞10 mM DTT͞0.5 mM dNTP) using 200 units of Superscript RNase H-M-MLV Reverse Transcriptase (GIBCO) and 20 ng of random hexamer primers. Subsequent PCR reactions were performed with 0.4-2 l of cDNA first strand reaction in a 50-l volume [10 mM Tris⅐HCl, pH 8.3͞50 mM KCl͞1.5 mM MgCl 2 ͞0.2 mM each dNTP͞2.5 units of Taq DNA polymerase (BMC)] using 0.5 M of the T (5Ј-GGTG-GCTATGAACCCAGAGGT-3Ј) and E (5Ј-CCTCGTCGGG-ATCCGTCATCT-3Ј) primers to detect TLS-ERG transcripts and the Beta1 (5Ј-GATCCACATCTGCTGGAAGG-3Ј) and Beta2 (5Ј-AAGTGTGACGTTGACATCCG-3Ј) primers to detect ␤-actin transcripts. TLS-ERG (35 amplification cycles: denaturation 95°C, 30 s; annealing 58°C, 30 s; extension 72°C, 90 s) and ␤-actin (35 amplification cycles: denaturation 94°C, 45 s; annealing 52°C, 45 s; extension 72°C, 120 s) PCRs were performed using a RoboCycler Gradient Temperature Cycler (Stratagene). The 211-bp TLS-ERG and 222-bp ␤-actin amplification products were analyzed on a 1% agarose gel.
TLS-ERG protein expression was assessed by resolving whole cell extracts on 10% SDS͞PAGE followed by standard Western blot͞ECL analysis using ERG antibody (Red-1).
Liquid Culture for Erythroid Differentiation. Human umbilical cord blood CD34ϩLin Ϫ cells were isolated and infected as described above and cultured in StemPro-34 serum-free medium (GIBCO͞BRL) with 1 mg͞ml G418, 20 ng͞ml SCF (Amgen), 2 ng͞ml IL-3 (Amgen), 1 ng͞ml G-CSF (Amgen), and 1 unit͞ml erythropoietin (Eprex) as described (30) . Infected cells were seeded at an initial concentration of 10 5 cells per ml in 25-cm 2 suspension culture flasks, and samples were taken to detect CD36, glycophorin-A (gly-A), and CD33-expressing cells by flow cytometric analysis, cytospin preparation, and methylcellulose culture at 2-5-day intervals.
Flow Cytometry. Cell surface marker expression on expanded cells derived from TLS-ERG-transduced progenitors was assessed by flow cytometry. Cells were washed in phosphate-buffered saline (PBS) containing 5% FCS. Approximately 10 6 cells were resuspended in 1 ml of PBS ϩ 5% FCS containing 5% human serum (to block Fc receptors) for 30 min at 4°C, washed, and then incubated with monoclonal antibodies at a concentration of 5 g͞ml for 30 min at 4°C. The antibodies used, purchased from either Becton Dickinson or Coulter, were as follows: anti-CD3-fluorescein isothiocyanate (FITC), anti-CD4-FITC, anti-CD7-phycoerythrin (PE), anti-CD8-PE, anti-CD13-PE, anti-CD14-FITC, anti-CD15-FITC, anti-CD19-PE, anti-CD20-FITC, anti-CD33-PE, anti-CD34-FITC, anti-CD36-PE, anti-CD38-PE, and anti-glycophorin A. Cells were then washed three times in PBS ϩ 5% FCS and analyzed on a FACScalibur (BD). An aliquot of cells was also stained with mouse IgG conjugated to FITC and PE as an isotype control. Fluorescence levels excluding greater than 99% of the cells in these negative controls were considered to be positive and specific for human cells.
RESULTS

Frequency and Lineage Distribution of Progenitors Transduced by TLS-ERG. CD34 ϩ Lin
Ϫ cells were isolated from CB and transduced with a retrovirus vector expressing the TLS-ERG cDNA (24) . To evaluate the effect of TLS-ERG expression on the proliferative and differentiative capacity of myeloid, erythroid, and multilineage progenitors, the transduced cells were plated in methylcellulose assays as described (29) . Although the efficiency of gene transfer into colony-forming cells with the TLS-ERG vector was comparable (32%, n ϭ 7) with the control NEO vector (43%, n ϭ 6), there was a large difference in the lineage distribution of the transduced progenitors. We observed a 62-fold increase in the frequency of bipotent granulocyte͞macrophage progenitors (CFU-GM) and a 31-fold decrease in the frequency of immature erythroid progenitors (BFU-E) in TLS-ERG-versus NEO-transduced cells (Fig. 1A) . The frequency of TLS-ERG-and NEOtransduced granulocyte (CFU-G), macrophage (CFU-M), and CFU-Mix colonies was comparable. When TLS-ERGtransduced cells were plated in the absence of G418, a 20-fold increase in the frequency of CFU-GM and a 1.5-fold decrease in the frequency of BFU-E was observed, indicating that TLS-ERG affected progenitor growth in the absence of G418 selection (Fig. 1B) .
Increased Proliferation and Self-Renewal of TLS-ERGTransduced Progenitors. In addition to increasing the frequency of CFU-GM, overexpression of TLS-ERG dramatically increased their proliferation, resulting in macroscopic colonies in methylcellulose cultures. In comparison to typical NEO-transduced CFU-G and BFU-E colonies shown at 40ϫ magnification in Fig. 2 Left, the majority of TLS-ERGtransduced CFU-GM colonies were dense compact colonies surrounded by a diffuse halo of cells and grew to a large diameter (0.5-3.0 mm, containing 2 ϫ 10 4 -2 ϫ 10 5 cells͞ colony) (Fig. 2 Middle) . Cytological analysis of cells dissociated from a TLS-ERG-transduced CFU-GM colony confirmed the presence of granulocytes and macrophages (Fig. 2 Right) . PCR analysis confirmed that all the G418 R CFU-GM-derived colonies contained integrated TLS-ERG cDNA sequences (data not shown).
Although enhancement of self-renewal capacity is a hallmark of leukemic stem and progenitor cells, normal progenitors have very limited self-renewal capacity as measured by secondary replating of primary colonies (31) . To evaluate whether TLS-ERG had affected the self-renewal potential of transduced progenitors, individual well isolated TLS-ERGand NEO-transduced G418 R colonies were randomly plucked from primary methylcellulose cultures on day 12 and replated in secondary cultures under the same conditions. As expected, NEO-transduced colonies did not generate secondary colonies. In contrast, 80% of primary TLS-ERG-transduced colonies gave rise to secondary colonies, producing a mean of 270 secondary colonies per primary colony (Fig. 3) . Thus, TLS-ERG expression had a dramatic effect both on the proliferation and on the self-renewal capacity of transduced progenitors. (Fig. 4A ). Colonies were initially seeded into a single well of a 96-well plate. In 44% of these wells, proliferation necessitated splitting into two wells of a 96-well plate (proliferation level 1). Colonies that continued to proliferate (28%) were seeded into one well of a 24-well plate (level 2) and then into two wells of a 24-well plate (18%; level 3). Finally, 11% of the colonies progressed to level 4, which involved the proliferation of 1-40 ϫ 10 6 cells in T25 suspension flasks. The clonagenicity of four level 4 cell groups tested was confirmed by analysis of retroviral integration sites using Southern blot (data not shown). As expected, NEO-transduced G418 R myeloid colonies were unable to achieve proliferation level 1. Thus, by three independent assays (colony size, secondary plating, and liquid culture), we have conclusively shown that TLS-ERG expression, alone, dramatically affects the proliferation and selfrenewal of normal human CFU-GM progenitors.
TLS-ERG-Transduced Progenitors Proliferate in Liquid
Although 11% of the clones could proliferate in liquid culture for extended periods of time, none were able to grow indefinitely. Regardless of proliferation level, most TLS-ERGtransduced clones ceased their proliferation because of terminal differentiation, whereas the rest ceased to proliferate but remained blocked at the promyelocytic stage (see below). DNA laddering analysis of the latter clones did not reveal evidence of apoptotic death (data not shown), a finding consistent with recent data demonstrating that TLS-ERG inhibits apoptosis (32) . To determine whether the cessation of proliferation was associated with a loss of TLS-ERG expression, RT-PCR analysis was performed. TLS-ERG transcripts were detected in six of seven clones (Fig. 4B Upper) , suggesting that a decline in proliferative capacity was not associated with a loss of TLS-ERG expression. Western blot analysis con-
FIG. 1. Comparison of the frequency and distribution of TLS-ERG-and NEO-transduced progenitors. Following transduction of TLS-ERG and NEO, CD34
ϩ Lin Ϫ human CB cells were plated in methylcellulose cultures as previously described (29) . The transduced progenitors were selected in 1500 g͞ml G418 (A) or not (B). The frequency and distribution of myeloid (CFU-GM, CFU-G, CFU-M), erythroid (BFU-E), and myeloid͞erythroid (CFU-Mix) progenitor colonies was scored after 14 days. Colony designations were confirmed by May-Grünwald-Giemsa staining of cytospin preparations. Mean frequencies and standard deviations are graphically represented from seven independent experiments performed with seven different CB samples. firmed the expression of full-length TLS-ERG protein in two of the clones (1 and 2) tested (Fig. 4B Lower) . We conclude that TLS-ERG expression is insufficient for indefinite proliferation, suggesting that it alone cannot completely immortalize. In addition, it should be noted that our observations are very similar to those obtained from growing primary human leukemic cells in culture. It is extremely rare to isolate permanently growing AML cell lines from leukemic blood or bone marrow samples, which in most cases stop proliferating after several weeks in culture (1, 2, 33) . In fact, the proliferation we have observed from a single transduced colony is far greater than that of clonogenic AML progenitors. Only in rare circumstances can permanently growing human cell lines be isolated after long periods of time and after a crisis event in culture.
FIG. 2. TLS-ERG enhances
We also assessed several of the highly proliferative clones for their responsiveness to growth factors. In all cases, the clones were factor-dependent, showing growth responses to SCF, IL-3, and GM-CSF, with the strongest response to all three factors together (data not shown). No response was seen with FLT-3 ligand or G-CSF, alone or in combination. Thus, TLS-ERG expression did not relieve the growth factor dependence of the transduced progenitors. Interestingly, IRTA17 and IRTA21, two cell lines established from the bone marrow of an AML (M2) patient carrying t(16;21) as the sole gross chromosomal abnormality, were dependent on SCF, GM-CSF, IL-3, and G-CSF for their growth (34) .
Characterization of TLS-ERG-Transduced Cells Proliferating in Liquid Culture. The cell surface phenotype and morphology of proliferating TLS-ERG-transduced cells that reached proliferation level 4 were determined by flow cytometry and cytology. May-Grünwald-Giemsa staining of cytospin preparations revealed morphologic features that were characteristic of promyelocytes: coarse cytoplasmic granulation, slight nuclear indentation, and an appropriate nuclear:cytoplasmic ratio (Fig. 4C) . Expression of the CD13, CD15, and CD33 myeloid markers but not the monocytic marker, CD14, confirmed the myelocytic nature of these cells (data not shown) and suggested that their differentiation program was arrested at the promyelocytic stage, rarely proceeding to mature neutrophils despite culture with GM-CSF and G-CSF.
Lymphoid markers (CD3, CD4, CD7, CD8, CD19, and CD20), erythroid markers (CD36, glycophorin A), and CD34, a hematopoietic stem and progenitor cell marker, were not detected (data not shown). The cell surface phenotype was similar to that observed in primary leukemic cells obtained directly from patients with t(16;21)(p11;q22) and from cell lines (34) . Chromosomal analysis of a TLS-ERG-transduced CFU-GM-derived clone revealed a normal karyotype (data (30) . The flow cytometric analysis involved measuring changes in the expression of CD36, gly-A, and CD33 cell surface markers, which change expression during erythroid differentiation as shown in Fig. 5A Upper (34) . The NEO-transduced cells exhibited a CD36, gly-A, and CD33 expression profile characteristic of erythroid development after 20 days in culture (Fig. 5A Lower and B) . In contrast, TLS-ERG-transduced cells failed to express CD36 or gly-A (Fig. 5A Lower) but continued to express CD33 (Fig. 5B) , indicating that their ability to undergo erythroid differentiation beyond the BFU-E stage was completely arrested. Interestingly, using a similar erythropoiesis culture, a mutant N-Ras gene, which is prevalent in MDS and AML, was also recently shown to induce erythroid dysplasia in human CD34 ϩ cells (35) . Detailed analysis of the CD33-expressing TLS-ERGtransduced cells indicated that they were not immature erythroid cells but relatively immature myeloid cells (CD13 ϩ , CD15 ϩ , and CD38
Unlike the NEO-transduced cells, which did not proliferate beyond day 22 due to terminal differentiation, these cells proliferated for approximately 70 days and gave rise to clonogenic progenitors that were exclusively large CFU-GM (data not shown), providing further independent evidence that TLS-ERG enhances the proliferative capacity of myeloid progenitors.
DISCUSSION
To provide insight into human leukemogenesis, we have established an experimental system where the biological consequences of putative leukemogenic genes can be assessed following their expression in normal human hematopoietic cells. By transducing human umbilical cord blood cells with TLS-ERG, a myeloid leukemia-associated fusion gene, we have demonstrated that a leukemogenic program can be initiated in normal human hematopoietic cells. This program, which altered both the proliferation and differentiation of lineage-committed progenitors, was characterized by a marked increase in the frequency, self-renewal, and proliferation of granulocyte͞macrophage progenitors and an impairment of erythroid differentiation. Remarkably, TLS-ERG alone was responsible for initiating these diverse biological effects because the abnormal phenotype was evident within the first 7 to 14 days of methylcellulose culture, making it unlikely that additional genetic alterations had accumulated. This result is consistent with the clinical observation that half of all TLS-ERG patients carry t(16;21)(p11;q22) as the sole gross chromosomal abnormality (18, 19) . Although there was heterogeneity in the extent of proliferation and self-renewal among different progenitors (80% gave rise to a range of 50 to 900 secondary colonies and growth of transduced CFU-GM in liquid culture was possible for up to 10 weeks), TLS-ERG expression caused a large proportion of transduced progenitors to exhibit an abnormal phenotype, indicating that TLS-ERG was very potent. Differences in TLS-ERG expression levels or in the nature of the target cells that were transduced may account for the heterogeneity. Further support for the leukemogenic potency of TLS-ERG was evident from its ability to markedly decrease the frequency of transduced erythroid colonies to 2% and to prevent the appearance of differentiated CD36 ϩ or gly-A ϩ erythroid cells following the incubation of TLS-ERG-infected CD34 ϩ Lin Ϫ cells in a liquid culture assay for erythroid differentiation. These experiments indicate that TLS-ERG can either induce a block in erythroid development at or prior to the BFU-E stage or impair the survival of these cells. Although TLS-ERG affected the growth and differentiation of primary human progenitor cells, we were unable to determine its effect on primitive repopulating cells because of their resistance to retroviral infection (36) . In addition, it is clear that expression of TLS-ERG alone did not induce complete immortalization because transduced cells could not proliferate permanently in culture or in NOD͞SCID mice (data not shown).
Recently, we have demonstrated that human AML stem cells, as assayed by initiation of leukemia in NOD͞SCID mice (37) , originate from primitive human hematopoietic cells rather than committed progenitors for both blastic and myelomonocytic subtypes (38) . This finding, together with the clinical observation that the erythroid lineage is often not part of the leukemic clone in AML and many subtypes of MDS, supports the hypothesis that one effect of the human leukemogenic process in these myeloid disorders is to prevent normal differentiation along other lineages including the erythroid lineage (39) . Thus, the arrested erythroid development we observed in TLS-ERG-transduced cells provides the basis for experimental validation of this hypothesis.
In closing, the experimental system we have described provides an in vitro approach to assay the biological function of putative leukemogenic genes, either singly or in combination, in normal human hematopoietic cells. This should aid in gaining a greater understanding of human leukemogenesis and in the identification of molecules that mediate or inhibit leukemogenic gene function.
